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CHEMICAL REACTIONS AT THE IN VACUO Au/InP INTERFACE

R. STANLEY WILLIAMS,* C. THOMAS TSAI,* AND EUN-HEE CIRLIN** )
* Dept.of Chemistry & Biochemistry and Solid State Science Center
University of California, Los Angeles, CA 90024
** Hughes Research Laboratories, 3011 Malibu Canyon Rd.
Malibu, CA 90265

ABSTRACT

The reaction between a Au film and an InP substrate occurs much
more readily in vacuo than under an external pressure of an inert gas.
At atmospheric pressure, the compounds Au,P, and the Y intermetallic
comPound (at times designated Au,In,, Au,In, or Auwln) are formed at
450°C and remain fairly stable even when annealed at 500°C for hours.
Under ultra-high vacuum conditions, phosphorus readily escapes from
the film when a sample is annealed at 300°C for 15 minutes, and the
major reaction products are the ¥ phase (Au,In,) and another inter-
metallic compound that is probably Auln. The presence of an inert gas
creates a kinetic barrier for the escape of phosphorus from the
surface, and thus Au/InP behaves more like a closed thermodynamic
system under pressure than in a vacuum.

INTRODUCTION

The chemical reactions that occur between a deposited Au film and
an InP substrate have been the subject of many investigations [1-14],
and a brief synopsis of the reported observations may be found in Ref.
15. A major point of interest is that in the investigations in wvhich
annealing experiments were performed, roughly half the samples were
heated in vacuo [1-7) and the other half under an atmospheric pressure
of inert ambient [8-15]. A general observation gained from these
studies is that the lower the ambient pressure during annealing, the
lover the temperature at which reactions occur.

In a previous study of Au/InP chemistry [15], 550A Au films were
deposited on InP (001} surfaces cleaned in ultra-high vacuum (UHV) and
annealed at various temperatures under one atmosphere pressure of flow-
ing nitrogen gas. The samples were removed from the furnace whenever a
visibly noticeable change occurred, and they were examined using scan-
ning electron microscopy (SEM), energy dispersive x-ray analysis (EDX),
and x-ray diffraction (XRD). The XRD analyses proved to be the most
important, since they enabled the compounds that were formed during the
various reaction stages to be identified. The reactions proceeded
slovly, with days or hours of annealing at different temperatures
sometimes being necessary to observe a definite change in the films.
The reaction products that were observed, and the sequence in which
they were formed, were consistent with the Au-In-P ternary phase
diagram [15]. Heating the samples for 25 min. at 450°C produced a
surface covered by well separated and preferentially oriented islands
of the compounds Au,P, and Y. These are exactly the two bulk phases
that would be in thermodynamic equilibrium with InP in a closed system.
Heating this sample to 510°C for 40 min. leads to only minor changes as
detected by IRD: the Yy and Au,P, peaks were still present, but a small
reflection from the metastable ¥ phase appeared. The presence of this
phase on the surface indicated that some phosphorus had sublimed from




the sample, and the composition of the sample shifted toward the In-
rich side of the phase diagram. In this paper, the above observations
are contrasted to the behavior of a thin Au film on InP(001) that was
annealed to only 300°C in vacuo.

EXPERIMENTAL PROCEDURE

The InP single-crystal substrates used in this investigation were
(001) oriented wafers. They were chemo-mechanically polished with a 2%
mixture of bromine in methanol and rinsed in methanol immediately
before being mounted in the UHV deposition chamber. The samples were
cleaned in vacyo with several cycles that consisted of alternating Ar*
ion bombardment at 1 keV with annealing to 300°C for 10 minutes. ]In
gitu Auger analysis showed that less than 5% of a monolayer of
contaminants (primarily O and C) were present at the surface. An Au
beam was produced by thermal evaporation from a tungsten basket, and an
Inficon (model ITM) micro-balance was used to measure the deposition
rate. The base pressure in the chamber was in the the 1070 torr range,
rising into the 10~? torr range during the Au evaporation.

For the jin vacuo annealing experiment, a 300 A thick film was
evaporated onto a room temperature InP substrate. An Auger spectrum
revealed no detectable In or P, which showed that the Au film was
continuous. The sample was heated to 300°C by passing a ourrent
through a strip heater behind the sample, with the temperature being
measured by a thermocouple in direct contact with the side of the InP
substrate. During this first annealing cycle, the appearance of the
sample surface changed dramatically, so it was removed from the chamber
for ex situ analysis by SEM, EDX, and XIRD, as discussed previously
(15]. The surface of the InP was extremely rough and covered by
irregularly shaped islands. A Physical Electronics Model 595 Scanning
Auger Microscope (SAM) was used to examine the lateral composition of
the islands, and obtain depth profiles in combination with ion beam
etching.

RESULTS AND DISCUSSION

After vacuum anpealing, visual examination revealed that the
sample, which had originally been golden, turned a silvery color. The
surface of the sample is shown in the SEM photographs of Fig. 1. The
dark regions in the photographs contain no Au, as shown by EDX and SAM
analysis, and are thus bare InP. The reaction has left the InP surface
heavily fissured and eroded, and the Au-containing compounds have
coalesced into well separated but irregular islands that range from
1-50 B across and less than 0.5 high. Close examination of the
larger islands reveals a remarkable feature, they all appear to be
composed of two different phases, one layered on top of the other.
This structure is very clear in the SEM photograph of Fig. 1b, which
shows one such island. The 1lower phase is a darker shade than the
upper, and can be seen as "beaches” surrounding the islands as well as
through holes in the upper phase.

One clue about the identity of the two phases comes from the IRD
pattern shown in Fig.2. This powder pattern shows weak diffracotion
peaks from the single-crystal substrate, since the sample was not
oriented to pick up the <001> reflections. Weak peaks from the AuP,
<110> reflections are observed, as well as a strong (110) reflection
from the §y phase. The three strongest remaining peaks in the IRD
pattern appear to belong to the Auln intermetallic compound, although
the identification of this phase is uncertain because the peaks are
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Fig.1 - Two SEM photographs of the sample surface after a 300 A Au
film on InP (001) was annealed at 300°C in vacuo for 15 min. The large
islands are composed of tvo different intermetallic compounds of Au and
In layered on top of one another. The dark areas are bare InP |
substrate, which is heavily fissured after the reaction. The length S

scales are shown at the bottom of each photograph.
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Fig.2 - The IRD pattern of the sample shown in Fig.1. The known
reflections are labeled with the compounds and planes that produced
them. The intense reflections labeled '?' occur at values of 20 very
close to peaks observed for the Auln phase.

somevhat shifted from bulk Auln. This was checked carefully by making
all the compounds stable at room temperature and also the ¥ compound,
vhich is stable in bulk form only above 240°C but can be observed by
quenching, and examining their XIRD patterns [15). Compounds with other
elements were not considered, since no appreciable contamination was
observed in either EDI or SAM analyses. The fact that the IRD peaks
are shifted may be the result of a stoichiometry difference or stresses
in the small islands formed by the chemical reaction.

The composition of various portions of the islands was examined
using SAM with sub-micron resolution. Both phases were found to
contain only Au and In, the lower in approximately a 2:1 ratio and the
upper phase being more Au-rich with a 5:2 ratio. Assigning the two
phases to specific Au-In compounds on the basis of the Auger results
alone is not possible, since Auger data are not quantitative enough to
distinguish among the different compounds with stoichiometries only
slightly different from one another. Since the upper phase was more
Au-rich than the lower, it is tentatively identified as ¥y, with the
lover phase being Auln. The InP is the source of In for the islands,
so the lover phase would be expected to be the more In-rich compound.
However, this assignment is somewhat puzzling since the ¥ phase is
apparently ordered with only a single orientation, whereas the Auln-
like phase is present with several orientations.

Annealing a 300 A Au film of InP to only 300°C in vacuum thus
leads to major chemical changes of the system. In contrast, annealing
a 550 A Au on InP sample to 300°C under an atmospheric pressure of N
gas for 90 min. causes only minor changes in the film [15). The golé




color is retained, the film remains continuous, and a careful
examination of the SEM photographs and IRD patterns is required to
determine that some solid solution of In in Au has formed. The primary
difference betveen the tvo surfaces is that the vacuum annealed surface

must have lost a large amount of P to form ¥ and Auln, whereas the P in-

the sample annealed under pressure ultimately formed Au,P, at the higher
annealing temperatures.

At atmospheric pressure, each atom on a surface is struck
approximately 10° times per second by molecules from the gas. This
continual bombardment may act as a kinetic barrier to the surface
diffusion and combination of P atoms to form molecules or to the
desorption of volatile species such as P, or P,. Thus, the sublimation
of P from the sample could be greatly hindered, and the chemical
reactions that occur are those that would be expected in a closed
thermodynamic system [15]. However, in a vacuum the kinetic bottleneck
is removed, and the large increase of entropy available to the system
as the gaseous P species expand pushes the system out of the y-Au,P.-InP
tie-triangle into the In-rich region of the ternary diagram 116].
Another possible explanation for the kinetic limitation of the reaction
on the sample under pressure is the formation of an oxide diffusion
barrier at the time when the sample was exposed to the atmosphere.
This is unlikely, since the oxide thickness determined during sputter
profiling of the vacuum-reacted sample, which was also transferred in
air, was only on the order of 10 A thick, but this possibility should
be checked by annealing an air-exposed sample in vaocuum.

The reaction is so strong that the system is driven far from
equilibrium. When the sample was examined, four solid phases were
found to coexist: 1InP, ¥, the Auln-like phase, and a small amount of
AuP,. The AuP, may have formed as an intermediate product, which went
on to react with InP to form more Au-In intermetallic compounds and
release gas phase P species. The fact that the ¥y compound was observed
on the sample after it had cooled to room temperature may be the result
of a fairly rapid cooling cycle after the anneal was complete. It may
also have gained additional stability by growing epitaxially on the
Auln islands, since only one major crystallite orientation was observed
in the XRD pattern of Fig.2.

The Au-In-P ternary phase diagram can be used to illustrate
graphically the reaction sequences and products observed in Ref.15 and
in this work. As shown in Fig.3, the equilibrium composition of a
closed system that originated as an Au film on an InP substrate is
represented by the I in the InP-y-Au,P, tie-triarngle. In an open
system, P sublimes and the composition become enriched with In, which
is represented in Fig.3 by the arrov. The state of the thin film
studied in this investigation, after it was annealed in vacuo for 15
minutes, is indicated by the position of the head of the arrow in the
InP-y-AuP tie-triangle. The presence of a small amount of Au.P, shovs
that the reaction proceeded so rapidly that equilibrium conditions were
not fully maintained for the in vacuo thin film reaction.

CONCLUSIONS

If a thin film of Au several hundred A thick on an InP substrate
is annealed under an atmospheric pressure of inert gas at temperatures
under 500°C for up to two hours, the chemical reactions that oocur are
those predicted from the ternary phase diagram for a closed
thermodynamic system. The presence of the external gas phase appar-
ently acts as a kinetic barrier to the sublimation of P. Under high
vacuum conditions, however, P escapes from the system readily and the
accompanying increase in entropy available via the reaction drives the
system far from equilibrium. After 15 minutes at 300°C, the major
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Fig.3 - The Au-In-P ternary phase diagram, after Ref.15. The I shows
the initial composition of a system produced by depositing an Au film
on InP. In a closed system, the equilibrium phases are InP—Y—Au{s. In
an open system, P is lost and the composition of the system evolves as
shown by the arrow.

InP

products observed were two Au-In intermetallic compounds, which formed
islands with one phase on top of the other. One phase, ¥, is
metastable at room temperature and was produced with a strong
preferential orientation with respect to the substrate surface. The
other phase is apparently the Auln compound formed slightly off-stoi-
chiometry or mechanically deformed. A small amount of Au,P, was also
observed, which demonstrated that the system was not quite at equilib-
rium in the InP-y-Auln tie-triangle. The fact that Au reacts so
readily, even in a closed system, makes it unsuitable 2s a contact
metal for InP.
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